In this work, a spinel lithium manganese oxide (LMO) used as a lithium adsorbent was prepared with a conventional solid state reaction using lithium carbonate and manganese carbonate as the reactants. A cylinder-type LMO was prepared using water glass (sodium silicate solution) as a binder together with the reactants and examined for its lithium adsorption capacity. The effect of the preparation condition on the adsorption capacity of the LMO powder was investigated. The optimum heating condition for the LMO powder, determined to be 500°C for 4 h, was applied to prepare the cylinder-type LMO. The cylinder-type LMO showed a maximum adsorption capacity of 15.06 mg/g when immersed in lithium-enriched seawater, whereas LMO powder showed a maximum adsorption capacity of 27.62 mg/g under identical conditions. The cylinder-type LMO generally maintained its structure after the acid treatment and the Li adsorption process. Thus, the cylinder-type LMO developed in this study can overcome the limits associated with powder-type adsorbents and may be appropriate for multiple adsorption runs in seawater.
Introduction
Interest in lithium sources is increasing because of the many potential applications for lithium, such as cathode materials for rechargeable batteries, light aircraft alloys, catalysts and fuel for nuclear fusion reactions. Recently, demand for lithium has increased as a result of the rapid expansion of the worldwide lithium battery market. 14) Several methods, such as adsorption, 5, 6) solvent extraction 7) and co-precipitation, 8) have been studied to extract lithium from seawater, brine and geothermal water. Among them, the adsorption method to recover lithium from seawater is most attractive, since seawater is a vast source containing about 2.5 © 10 14 kg of lithium, even though the average lithium concentration is very low (0.17 mg·L ¹1 ) in seawater. 9) Many researchers have investigated the preparation of LMO, such as LiMn 2 O 4, Li 1.33 Mn 1.67 O 4 and Li 1.6 Mn 1.6 O 4 , for the recovery of lithium from seawater.
1014) These inorganic materials display noticeable adsorptive properties, especially high selectivity to lithium, as well as chemical stability and low toxicity, which is desirable for applications in seawater. Lithium adsorbent forms by the topotactic extraction of lithium from LMO with an acid treatment in which an ion exchange (H + /Li + ) reaction occurs maintaining the spinel structure. Therefore, the obtained adsorbent can have a high selectivity to lithium when used as the adsorbent. The ion-exchange capacity in the adsorbent depends on the composition of the LMO. The displacement of the manganese site by lithium in the spinel structure affects the lithium uptake in the adsorption reaction, as reported by Wang et al. 14) In their work, the lithium uptake increased as the Li/Mn ratio increased in the spinel structure. Chitrakar et al. 15) also reported that lithium adsorbent (H 15, 16) Many studies have investigated and characterized LMO powders and their derived adsorbents. However, the powder form of an adsorbent limits its industrial application. Until now, few studies on utilizing adsorbent such as granulation, membranization, a reservoir system, and foaming methods using adsorbent powder have been performed to examine the direct application of a lithium adsorbent in seawater. These works still encounter pushback from environmental and economic issues involved in their practical application.
1720)
In this work, we explore cylinder-type adsorbents using water glass as a binder because of its good adhesive properties. The water glass is an inorganic binder and can be used at high temperatures. The reactants (Li 2 CO 3 and MnCO 3 ) are mixed with the binder and can be directly used for forming. The mixing is followed by a heat treatment to produce a cylinder-type LMO. The optimum heating condition of the LMO powder was evaluated through an adsorption test and a cylinder-type LMO was prepared under identical condition. Finally the adsorption capacity of the cylinder-type LMO and the LMO powder was compared.
Experimental Procedure

Preparation of spinel lithium manganese oxide
(LMO) The LMO powder was prepared through a solid state reaction using Li 2 CO 3 (99%, Aldrich, USA) and MnCO 3 (99.9%, Aldrich, USA) with a Li/Mn molar ratio of 1.33/ 1.67. Prior to the heat treatment, the weighed Li 2 CO 3 and MnCO 3 powders were well mixed with a ball mill. A 10 g of the mixture was placed in a ceramic boat of 2 cm W © 9 cm L © 1.5 cm H, and heated in a box furnace under air atmosphere.
Water glass (36.8 mass% sodium silicate-H 2 O) was used as a binder to prepare the cylinder-type LMO. The Li 2 CO 3 MnCO 3 mixture was mixed with the water glass and extruded into a cylindrical shape at a size of 3 mm diameter and 10 mm length using a mechanical extruder. The cylinder was dried at 60°C in an oven and then heated in a box furnace under air atmosphere. The resulting cylinder-type LMO contained about 75 mass% LMO when tested as an optimum extrusion condition.
The crystalline forms of the obtained products were determined using an X-ray diffractometer (XRD, D/MAX 2200, Rigaku). The surface area and pore volume analyses were performed using the BET and BJH methods with a Tristar II 3020 Surface Area and Porosity Analyzer, and the morphology was examined using analytical scanning electron microscopy (SEM, Topcon sm-300) with energy dispersive X-ray spectrometry (EDS) that also gave distribution of the elements.
Adsorption experiments
Prior to the adsorption test, the LMO powder was immersed and stirred in a 0.3 mol/L HCl solution at 25°C until the extraction of lithium reached equilibrium. The solution was then filtered using a membrane filter with a 0.1 µm pore size. The filtered product powder was washed with de-ionized water to rinse away any of the remaining HCl solution and dried in an oven at 60°C. The lithium uptake using the acid-treated LMO powders was investigated in lithium-enriched seawater at 25°C. Adjustment to the lithium concentration was made with additional LiCl to bring the concentration to 60 mg·L ¹1 . Adsorption tests to determine the optimum preparation condition of LMO powder for the adsorption capacity were conducted by stirring 1 g of acidtreated LMO powder into 2 L of lithium-enriched seawater until the adsorption reaction reached equilibrium.
A comparison of the adsorption capacity of the LMO powder and the cylinder-type LMO was examined using a mechanical shaker at 120 rpm and 25°C, in which the initial Li concentration in the solution varied from 1 to 60 mg·L ¹1 . The concentrations of lithium and manganese ions in the sampled solution were analyzed with an inductively coupled plasma atomic emission spectrophotometer (ICP-AES, Optima 7300D, Perkinelmer), and the lithium uptake of the samples was calculated by:
where C 0 is the initial Li + concentration in the solution, C e is the equilibrium Li + concentration in the solution, V is the solution volume, and m is the mass of the adsorbent. Figure 1 shows the XRD patterns of product powders obtained using Li 2 CO 3 and MnCO 3 derived from a solid state reaction for different reaction temperatures at 1 h under air atmosphere. The XRD pattern of the product powder obtained from reaction temperature at 500°C displayed only the spinel structure of the LMO, whereas the product obtained at 400°C showed small amounts of unreacted Li 2 CO 3 , and those obtained at temperatures higher than 600°C contained small amounts of monoclinic Li 2 MnO 3 .
Results and Discussion
Preparation of LMO powder
3) It is likely that a reaction temperature of 500°C is adequate to prepare the LMO powder in this work. In a subsequent experiment, the effect of reaction time at 500°C on the structural composition of the LMO was investigated. For reaction times ranging from 1 to 8 h, no change in the spinel phase was observed, as shown in Fig. 2 . The grain size of the LMO powder, calculated by applying the Scherrer equation, increased as the reaction temperature increased, whereas the grain size change at 500°C was relatively small in the range tested (see Table 1 ).
Preparation of adsorbent powder
Prior to the adsorption test, the as-synthesized LMO powders were treated with a 0.3 mol/L HCl solution to extract the lithium out of the LMO. As shown in Fig. 3 , a higher lithium extractability (>98%) was observed for the LMO powders that were obtained at reaction temperatures lower than 500°C. Lower lithium extractabilities were observed for LMO powders obtained at reaction temperatures higher than 600°C, for the tested extraction time. The dissolution of manganese out of the LMO powders after the acid treatment varied from 4 to 13% depending on the reaction conditions. The LMO powders obtained at a reaction temperature of 500°C showed lower manganese dissolution.
The difference in lithium extractability may be explained by the number of available lithium sites for the H + Li + ion exchange reaction on the LMO and/or the presence of other components resulting from the reaction conditions of the LMO powder creation. In this work, the lithium extractability increased as the reaction temperature and time were decreased, which resulted in a less crystallized structure.
The diffraction pattern of the delithiated LMO powder was almost the same as that of the as-synthesized LMO powder. Fig. 4 . This peak shift is commonly observed after lithium extraction 10) and indicates that the lithium extraction proceeded topotactically while the original spinel structure was maintained.
Lithium adsorption property of adsorbent powder
The adsorption test was conducted by stirring 1 g of delithiated LMO powder into 2 L of lithium-enriched seawater (Li + conc.: 60 mg·L ¹1 ). The initial pH of the solution was approximately 8, and the change in pH from the adsorption reaction was negligible (¦pH initial-equilibrium < 0.2), which may be due to the presence of other ions in the lithiumenriched seawater.
As shown in Fig. 5 , a higher lithium uptake was observed for the LMO powders prepared with reaction temperatures of 500 and 600°C. The highest lithium uptake was observed for the LMO powder prepared at 500°C for 4 h. The lowest lithium uptake was observed in powder prepared at 700°C. These results may be due to the presence of impurities and/or a decrease in the surface area of the adsorbent.
Each adsorption experiment set was repeated 23 times to ensure that the lithium uptake was reproducible. From these results, the optimum reaction condition for a LMO powder was determined to be 500°C for 4 h. This reaction condition was chosen for the preparation of the cylinder-type LMO in the following experiment.
Comparison of the lithium adsorption capacity of
the cylinder-type LMO and the LMO powder For the practical application of the adsorbent, which can be used directly in seawater, we considered to prepare a cylinder-type LMO. Water glass was used as a binder for the reactants, which were formed into a cylinder shape and heated to 500°C for 4 h (the optimum determined condition) to prepare the cylinder-type LMO. The extraction of lithium from the cylinder-type LMO was conducted with a 0.3 mol/L HCl solution using a mechanical shaker. The lithium extractability approached 95% after 24 h. Figure 6 shows the XRD patterns from the cylinder-type LMO obtained at 500°C for 4 h. The XRD pattern showed no phase resulting from water glass, implying that the heating temperature was low enough to suppress the formation of sodium silicate crystalline structures. Figure 7 shows the SEM images of the as-prepared cylinder-type LMO and the delithiated cylindertype LMO with EDS maps. The formed LMO particles were uniformly dispersed and positioned with the water glass components on the structure of the cylinder-type LMO, as shown in Figs. 7(d) and 7(e) , which is necessary to maintain the structure in seawater. From the EDS analysis, the main components of the delithiated cylinder-type LMO were Mn and Si, with small amounts of Na. Internal channels emerging out of the cylinder-type LMO were also observed, as expected by the off-gas emission of reactants generated during the heat treatment. After the acid treatment, the morphology change was not clear under low magnification, but more cleavages and fine cracks were observed on the surface of cylinder-type LMO owing to the topotactic extraction of lithium out of the LMO and the dissolution of sodium from the water glass. The BET surface area and the BJH pore volume of the cylinder-type LMO increased after the acid treatment, from 6.8784 m 2 /g and 0.0172 cm 3 /g to 40.8706 m 2 /g and 0.0383 cm 3 /g, respectively. These increases may be attributed to the lithium extraction out of the LMO and dissolution of the sodium from the water glass. After the acid treatment, ICP analysis was also performed to determine the amounts of Na and Si dissolved out of the cylinder-type LMO. The Na that was dissolved from the cylinder-type LMO was greater than 90 mass%, whereas less than 5 mass% of the Si was dissolved. These results indicate that the prepared cylinder-type LMO contains porous structures resulting from the heat and acid treatments.
A comparison of the adsorption capacity of the LMO powder and the cylinder-type LMO was performed using 1 g of each sample in 2 L of lithium-enriched seawater (Li + conc.: 160 mg·L ¹1 ) with a mechanical shaker at 120 rpm and 25°C. The adsorption isotherm was plotted by applying the Langmuir equation to correlate the adsorption capacity and the equilibrium solution concentration as follows:
where C e is the equilibrium concentration in mg·L ¹1 , q e is the uptake amount at equilibrium in mg·g
¹1
, q m is the theoretical maximum adsorption capacity in mg·g
, and K L is the Langmuir empirical constant in L·mg
. The value of q m can be calculated using the experimental data from the slope of C e /q e vs C e . As shown in Fig. 8 , the delithiated cylindertype LMO showed a maximum Li + adsorption capacity of 15.06 mg/g, whereas a maximum Li + adsorption capacity of 27.62 mg/g was obtained from the delithiated LMO powder. The decreased adsorption capacity in the cylinder-type LMO can be explained by the reduced available adsorption sites on the surface as a result of blocking from the binder. From the adsorption results, the cylinder-type LMO showed a lower adsorption capacity than the LMO powder. However, the results show the feasibility of the cylinder-type LMO for direct applications in seawater, since the structure of the cylinder-type LMO remained in good condition after the Li extraction and the adsorption test.
Conclusions
A cylinder-type adsorbent was prepared by using water glass as a binder, forming reactants into a cylinder shape, and subsequent heat and acid treatment. The optimum heating condition (500°C for 4 h) obtained from results on LMO powder was applied to produce a cylinder-type LMO. The resulting cylinder-type LMO showed a spinel structure and contained no crystalline structure resulting from the water glass binder. The cylinder-type LMO possessed a porous structure owing to the off-gas emission from reactants during the heat treatment and lithium extraction and sodium dissolution during the acid treatment, which allow liquid to flow for the H + Li + ion exchange reaction. From tests to compare the adsorption capacity of the cylinder-type LMO and the LMO powder, a maximum lithium adsorption capacity of 15.06 mg/g in lithium-enriched seawater was observed for the cylinder-type LMO, and that of 27.62 mg/g was observed for the LMO powder. Although the cylindertype LMO showed a lower adsorption capacity than the LMO powder, the cylinder-type LMO is expected to be a promising lithium adsorbent since the structure of the cylinder-type LMO remained in good condition after the Li extraction and adsorption tests. These results imply that the cylinder-type LMO can be used multiple times in seawater. Further studies to optimize the preparation methodologies, such as suppressing blockage of binder at the adsorption sites and improving the adsorption capacity are underway in our research group.
